Ten ODP sites drilled in a depth transect (2164^4775 m water depth) during Leg 172 recovered high-deposition rate ( s 20 cm/kyr) sedimentary sections from sediment drifts in the western North Atlantic. For each site an age model covering the past 0.8^0.9 Ma has been developed. The time scales have a resolution of 10^20 kyr and are derived by tuning variations of estimated carbonate content to the orbital parameters precession and obliquity. Based on the similarity in the signature of proxy records and the spectral character of the time series, the sites are divided into two groups: precession cycles are better developed in carbonate records from a group of shallow sites (21642 975 m water depth, Sites 1055^1058) while the deeper sites (2995^4775 m water depth, Sites 1060^1063) are characterized by higher spectral density in the obliquity band. The resulting time scales show excellent coherence with other dated carbonate and isotope records from low latitudes. Besides the typical Milankovitch cyclicity significant variance of the resulting carbonate time series is concentrated at millennial-scale changes with periods of about 12, 6, 4, 2.5, and 1.5 kyr. Comparisons of carbonate records from the Blake Bahama Outer Ridge and the Bermuda Rise reveal a remarkable similarity in the time and frequency domain indicating a basin-wide uniform sedimentation pattern during the last 0.9 Ma. ß
Introduction
The astronomical theory of climate ¢rst formulated by Milutin Milankovitch (1920 , 1941 provided not only deep insights into the mechanisms of global climatic change but also opened the way for the creation of accurate high-resolution geochronologies. After Hays et al. (1976) had shown that variations in the earth's orbital geometry are responsible for climatic changes which can be documented in sedimentary records, time scales have been developed by correlating paleoclimatic indicators to astronomical forcing functions (e.g. Johnson, 1982; Imbrie et al., 1984; Martinson et al., 1987) . Meanwhile, these chronologies have been extended and modi¢ed in some cases (Shackleton et al., 1990; Tiedemann et al., 1994; Bassinot et al., 1994; Berger et al., 1995) . The astronomical dating technique is called 'orbital tuning' and has a theoretical accuracy of a few thousand yr (Martinson et al., 1987) . Most of the new age models were created by the correlation of isotopic records ( 18 O^1 6 O in tests of fossil foraminifera) with orbital target curves (e.g. Imbrie et al., 1984; Shackleton et al., 1990) . However, if isotopic data were lacking, other climate proxies like bulk density, magnetic susceptibility, or carbonate content have been successfully used (e.g. Shackleton et al., 1995; Bickert et al., 1997; Tiedemann and Franz, 1997; Ortiz et al., 1999) . As tuning targets several di¡erent forcing functions such as insolation, ice volume models, precession or obliquity have been used. Martinson et al. (1987) tested four di¡erent tuning approaches with a stacked isotope data set and demonstrated that the chronology produced is insensitive to the speci¢c tuning technique used.
In this study we present orbitally (precession and obliquity) tuned age models for the Pleistocene (0^0.9 Ma) of ten ODP sites in the western North Atlantic based on carbonate content records. The sites drilled in a depth transect (21644 775 m water depth) during Leg 172 recovered high-deposition rate ( s 20 cm/kyr) sedimentary sections from sediment drifts and provide an archive to study millennial-scale climate changes as well as variations in the depth distribution of Atlantic water masses (Keigwin et al., 1998) . The age models developed here are an important prerequisite for detailed comparisons of proxy records from the di¡erent locations. In this paper we use them to compare suborbital ( 6 19 kyr) climatic variability at the Blake Bahama Outer Ridge and at the Bermuda Rise. Fig. 1 shows the locations of nine ODP sites drilled during Leg 172 on the Carolina Slope (Site 1055), the Blake Bahama Outer Ridge (Sites 1056 to 1062) and the Bermuda Rise (Site 1063). Multiple holes were drilled at each site so that the continuity of recovery was con¢rmed by the de- Fig. 2 . Comparison of the carbonate record from Site 1056 to ¢rst results from oxygen isotope measurements on benthic (N. dutertrei) and planktonic (C. wuellersdor¢) foraminifera. velopment of composite depth sections (depth in meters composite depth, mcd) and splices (Shipboard Scienti¢c Party, 1998a) . At Site 1062, eight holes were drilled on either £ank and into the crest of a mud wave at the base of the Bahama Outer Ridge. For this site we present two age models, one for the eastern (1062east) and one for the western part (1062west) of the mud wave.
Materials, data and initial dating
All sites show a remarkably similar sediment composition, characterized by continuous sedimentation with cyclic alterations between nannofossil-rich and clay-rich sediments (Keigwin et al., 1998) . Measured variations of lithological and physical parameters are similar to standard isotope curves and are obviously related to orbitally tuned climatic forcing. This is con¢rmed by ¢rst oxygen isotope results (Franz and Tiedemann, 2002; Chaisson et al., 2002) from Site 1056 which covers Marine Isotope Stages (MIS) 8^12 and was measured on planktonic (N. dutertrei) and benthic (C. wuellersdor¢) foraminifera. The N 18 O curves which primarily indicate variations in global ice volume, are in good correlation with the carbonate content record at Site 1056 (Fig. 2) indicating that variations in CaCO 3 content re£ect glacial/ interglacial variability. The sedimentation is characterized by the typical Atlantic-type pattern with higher CaCO 3 content during interglacial periods.
On the other hand, there are also important di¡erences among the sites that are related to variable current strength, depth-dependent carbonate dissolution, distance from shore, and others (Shipboard Scienti¢c Party, 1998b) . Although lower carbonate accumulation due to higher dis- Fig. 3 . Sites 1058 and 1062east were used as 'reference' sites for dating. The initial age models for these sites are based on the correlation of magnetic susceptibilty records to an isotope stack for low latitudes (Bassinot et al., 1994). solution is observed at the deeper sites, sedimentation rates show a drastic increase with water depth ( s 20 cm/kyr) caused by higher detrital input. This suggests a higher sediment transport to the deeper sites caused by energetic deep ocean circulation. By examining the similarity in the signature of proxy records like susceptibility, bulk density (estimated from gamma ray attenuation) and color re£ectance, the Leg 172 sites can be divided into two groups: the shallow Sites 10551 059 and the deeper Sites 1060^1063. As a ¢rst step in the orbital tuning procedure an initial age model for each site has been derived already during the cruise based on magnetic susceptibility measurements (Fig. 3) . These initial age models rely on the similarity of the magnetic susceptibility records to a standard isotope curve for low latitudes (Bassinot et al., 1994) . This isotope record represents a stack of data from ODP Site 677 in the equatorial Paci¢c (Shackleton et al., 1990) and from giant piston core MD9000963 in the tropical Indian Ocean. As tiepoints for the initial age models, 16 dated oxygen isotope events (stage boundaries) were used. The sedimentation rates are assumed constant between these age control points.
Although magnetic susceptibility is a ¢rst order indicator of carbonate content, it is not an ideal tuning parameter for the Leg 172 sites because the susceptibility records are a¡ected by reduction diagenesis of initial magnetic minerals (Schwartz et al., 1997) . This is especially evident for the shallower sites (1055^1059) where magnetic susceptibility in the upper part of the sediment column ( 6 10 mbsf) is likely controlled by magnetite and is up to ¢ve times higher compared to the rest of the section. In deeper sections ferromagnetic minerals have been dissolved and the susceptibility signal is entirely swamped by paramagnetic clays (Shipboard Scienti¢c Party, 1998c) . However, glacial/interglacial variability is preserved because both magnetite and clay content re£ect higher terrigenous input during colder climatic intervals. The shipboard initial age models were veri¢ed postcruise by using CaCO 3 records instead of magnetic susceptibility which resulted in very similar initial age models and identical ¢nal time scales. Postcruise analyses have shown that a very accurate estimation of calcium carbonate content is possible by using di¡use spectral re£ectance. Calibration of the re£ectance records was obtained from stepwise multiple linear regression of the re£ectance spectra with 4141 shipboard and post- cruise carbonate measurements (Giosan et al., 2001) resulting in carbonate estimations with root-mean-square-errors between 4 and 7%. An example for the carbonate prediction from Site 1056 is shown in Fig. 4 . Therefore, our ¢ne-tuning approach is based on high-resolution records (25 -cm sample interval) of estimated calcium carbonate.
Astronomical calibration
Spectral analyses of the initial carbonate time series (based on the initial age models) reveal signi¢cant power spectral density close to Milankovitch periods of 100, 41, and 19^23 kyr (Fig. 5) con¢rming that sedimentation changes in the western North Atlantic are linked to variations in earth orbital parameters. This is an important precondition for using the orbital time series of precession and obliquity as target curves to improve the initial age scales. The slight deviation of the variance density peaks from the Milankovitch periods can be explained by the low resolution of the initial age models and it also points to the need for a ¢ner tuning. Thus to achieve higher- Comparison of the ¢ltered carbonate records from Sites 1058 (a) and Site 1062east (b) to the orbital target curves (precession and obliquity) before (initial age model) and after (¢nal age model) the ¢ne-tuning. As much as possible the tuning was done with orbital precession as a target curve because of the higher resolution. Because of very weak precession-related cycles, precession tuning was impossible for the interval 0.5^0.9 Ma at Sites 1060^1063. resolution time scales the following strategy was used: for both of the above groups one 'reference' site was chosen, based on both the quality of sediment recovered and the time period covered. The reference sites are Site 1058, which was used as the reference for Sites 1055^1059, and Site 1062east, which was used as the reference for Sites 1060^1063. A short slumped interval occurred between 52.15 and 53.59 mcd (MIS 11) at Site 1058. To close this gap we used Site 1056 as a reference for MIS 11. The reference sites were dated by correlating their carbonate records ('reference' records) to the La90 (Laskar, 1990 ) orbital solutions for obliquity and precession of the Earth. Our initial target, the low latitude isotope stack (Bassinot et al., 1994 ) is based on an other orbital solution (Ber90; Berger and Loutre, 1991) but the di¡erences between the solutions over the last 0.9 Ma are less than 2 kyr and could be neglected for the purpose of this study. Before the tuning we applied phase-free digital band pass ¢lters (centered at 21 and 41 kyr) to the reference records in order to extract precession and obliquity components from the carbonate variations. Each maximum and minimum of the ¢lter outputs was directly correlated to its counterpart in the astronomical (obliquity or precession) records giving two age control points for each precession and obliquity cycle. All other sites ('non-reference' sites) in each of the two groups were dated by direct comparison with the 'reference' sites. First, raw carbonate data series were compared by correlating common features in 'reference' and 'nonreference' records. Afterwards, ¢nal dating was obtained by comparison of the band pass ¢ltered carbonate records. As much as possible the tuning was done with orbital precession as a target curve, because of the higher resolution.
For Site 1058 (and all other sites of the shallow group) the 21-kyr cycles are well developed in the carbonate records and tuning was straightforward. Especially MIS 1^11 at these sites are characterized by a remarkable similarity between amplitude variations in orbital precession and the 21-kyr ¢lter output from the carbonate records (Fig. 6) . At Sites 1056 and 1057, deformed and convoluted beds, probably caused by multiple slumping events, were observed below 109 and 89 mcd, respectively. Because of these disturbed intervals, tuning at Sites 1056 and 1057 was only possible back to 0.82 Ma.
At the deeper sites very weak precession-related cycles were found in MIS 6 and 7. This made precession tuning very di⁄cult in this interval because time shifts of 20 kyr resulted in very similar ¢lter outputs and made the correlation ambiguous. Finally, a solution o¡ering the best correlation with a lower resolution carbonate time series from ODP Site 926 at the Ceara Rise (Bickert et al., 1997) was chosen (Fig. 7 ). This solution is also supported by geomagnetic excursion 7A which was found close to the boundary between MIS 6 and 7 at Sites 1060^1063 (Keigwin et al., 1998) . It has been shown that this excursion correlates with other marine and also continental geomagnetic records (Williams et al., submitted) . According to the age model presented here, the excursion occurred at 190^195 kyr which is in good agreement with published ages for this event (e.g. Herrero-Bervera et al., 1989) .
The deeper sites showed low variance in the 21-kyr band for sediments older than 0.5 Ma, which made precession tuning impossible in the interval 0.5^0.9 Ma. However, 41-kyr cyclicity is well developed for this time span at all sites, which allowed easy obliquity tuning at the deeper sites, yielding an age control point about every 20 kyr. The change in spectral character at 0.5 Ma goes along with the transition from a diffuse to a more focused £ow in the WBUC which could be related to the onset of strong 100-kyr cycles in the Late Pleistocene (Giosan et al., 2002) . The stronger 21-kyr cyclicity at the shallower sites possibly indicates an ampli¢cation of the high latitude glacial/interglacial precessional signal by low latitude phenomena (Short et al., 1991) .
Because of the direct tuning to obliquity and precession, the derived time scales are phaselocked (with zero time lag) to the target curves. However, there is a delay between orbital forcing and the response of the climate system (Imbrie and Imbrie, 1980) which was estimated to be about 5 kyr for the precessional band of N 18 O changes (Imbrie et al., 1984) . This phase lag estimation is based on a time invariant, single-exponential ice volume model which has been applied to several orbitally tuned time scales (e.g. Imbrie et al., 1984 , Bassinot et al., 1994 Martinson et al., 1987; Shackleton et al., 1990) .
We used the available isotope data (Chaisson et al., 2002; Franz and Tiedemann, 2002) (Fig. 2) to test if there is a signi¢cant lag between carbonate and oxygen isotope curves at Site 1056. But cross spectra yielded only minor phase di¡erences between carbonate content and oxygen isotopes (Table 1) con¢rming that carbonate content variations in the western North Atlantic are in phase with global ice volume changes.
According to these results, a phase lag of 5 kyr between carbonate content and insolation was adopted from Imbrie et al. (1984) and has been subtracted from the tuned ages to obtain the ¢nal age model. The 95% con¢dence level is at 0.80.
Final time series
All orbital tuned and phase-adjusted carbonate time series are shown in Fig. 8 . For glacial episodes average carbonate content is consistently lower at the deeper sites, as expected from both higher dissolution and dilution with depth. Interglacial intervals display a di¡erent pattern with frequent carbonate 'spikes' at the deeper sites. This is especially evident for MIS 9 and 11. The high carbonate peaks ( s 90%) observed for MIS 15 at Site 1062 (east and west) do not occur at the other Blake Outer Rige locations suggesting massive carbonate input from a local source during this time interval. There is a striking similarity of carbonate records from Sites 1061 (Blake Bahama Outer Ridge) and 1063 (Bermuda Rise) indicating that the pattern of sedimentation was basin-wide during the last 0.9 Ma.
The last occurrence of the nannofossil Pseudoemiliania lacunosa was found at every drilling location and preliminary depth ranges (in mcd) for this event were derived from low resolution sampling during the cruise. At Sites 1055^1058 and 1063 re¢nement of the shipboard data by higher-resolution shorebased investigations (Fornaciari, Ra⁄, Rio, pers. commun.) is completed and according to our age models these new results yield ages between 0.407 and 0.433 Ma (Fig. 8) which is considerably younger than the age of 0.460 Ma given by Thierstein et al. (1977) . A new calibration of the P. lacunosa datum also including data from other oceanic areas is currently in preparation (Fornaciari, Ra⁄, Rio, pers. commun.). At the deeper sites (Sites 1059^1062) on the Blake Bahama Outer Ridge quantitative work on the P. lacunosa event has not been not completed yet. Sediment reworking, poor preservation, and dilution make biohorizons more di⁄-cult to pinpoint at these locations (Shipboard Scienti¢c Party, 1998d).
The positions of the Brunhes/Matuyama (B/M) boundary according to shipboard magnetostratigraphy (Fig. 8 ) appear to be too old (around 0.8 Ma) at the shallower sites (Sites 1055^1060) compared to the latest published ages of 0.780 þ 0.01 Ma (Shackleton et al., 1990; Baksi et al., 1992) for this event. At these locations the boundary plots in an interval of low carbonate content clearly indicating a glacial period. However, based on revised isotope chronologies (Shackleton et al., 1990; deMenocal et al., 1990; Bassinot et al., 1994 ) the B/M transition occurred during interglacial MIS 19. Polarity assessment during Leg 172 was di⁄cult at sites in shallow and intermediate water depth due to overprint, reduction diagenesis and disturbance caused by gas expansion (Keigwin et al., 1998) . A further uncertainty in the stratigraphic position of the B/M reversal can result from post-depositional remanent magnetization (Kent, 1973) , with the Earth's magnetic ¢eld a¡ecting sediments a few cm below the sedimentwater interface. Estimates of this 'lock-in depth' vary from 7 to 16 cm (e.g. deMenocal et al., 1990; Schneider et al., 1992) . Based on these numbers and the high sedimentation rates at the drift locations we estimate the resulting shift of the B/M boundary caused by the 'lock-in e¡ect' to be in the order of only a few kyr. Thus we conclude that the age discrepancy for the B/M boundary is not caused by the age models but rather by uncertainties in the shipboard polarity stratigraphy. This is also supported by magnetostratigraphy at Site 1063 on the Bermuda Rise where polarity reversals were most easily identi¢ed (M. Okada, pers. commun.) and the B/M boundary plots exactly between 0.780 Ma (Hole 1063A) and 0.782 Ma (Holes 1063B and 1063C). Cross spectral analyses (Fig. 9) show that variance in the tuned time series of carbonate content is distributed over all the main orbital frequencies. At these frequencies the carbonate records are highly ( s 95%) coherent with the low latitude isotope stack of Bassinot et al. (1994) . Fig. 8 . Carbonate content records of Sites 1055^1063 versus tuned and phase-adjusted age. Open triangles mark the last occurrance of nannofossil P. Lacunosa according to the depth range determined by a quantitative postcruise study (Fornaciari, Ra⁄, Rio, pers. commun.) . The B/M magnetic reversal (closed triangles) is plotted with respect to its position determined during the cruise. Fig. 9 . Cross spectral analyses of the tuned carbonate time series from Sites 1056 (a) and 1062east (b) relative to the low latitude isotope stack of Bassinot et al. (1994) . The Blackman^Tuckey approach with 30% lags was used. 5. An application: the detection of sub-Milankovitch climatic variability
The deep water Sites 1061 (4050 m water depth) and 1063 (4570 m water depth) were chosen to study millennial-scale climatic variability in the western North Atlantic. Both sites show very high and variable sedimentation rates (23.4 þ 13.0 cm/kyr at Site 1061 and 19.2 þ 12.0 at Site 1063) over the last 0.9 Ma and allow comparison of the sub-Milankovitch spectral pattern from the Blake Outer Ridge (Site 1061) to that from the Bermuda Rise (Site 1063). The sample interval of 2^4 cm for the carbonate predictions resulted in average time resolutions of 171 yr (110^385 yr) at Site 1061 and 208 yr (128^556 yr) at Site 1063. Thus the lowest theoretical period that can be resolved (Nyquist period) is always below 1112 yr (two times maximum sampling period). However, sedimentological records in general are not ideal time series and could be disturbed by bioturbation, diagenesis, etc. Therefore, periodicities lower then 3^4 times the sampling period (1500^2000 yr in this case) should be considered with caution.
To detect millennial-scale climatic variability in the Leg 172 carbonate records we performed multi taper method (MTM) spectral analyses (Thompson, 1982) . The purpose of the MTM is to compute a set of independent and significant estimates of the power spectrum, in order to obtain a better and more reliable estimate than with traditional (e.g. Blackman^Tuckey) techniques. Spectra were calculated by using seven tapers and a time bandwidth resolution of four. This setting was used to provide good resolution at sub-Milankovitch ( 6 19 kyr) periodicity. The calculations were done with the Analyseries software by Paillard et al. (1996) . The MTM harmonic analyses estimates also provide a statistical Depth is given in meters composite depth (Keigwin et al., 1998) . , 1997) . The MTM spectra from Sites 1061 and 1063 for the sub-Milankovitch frequency band show a variety of spectral density maxima (Fig. 10 ) but for the interpretation we shall consider only peaks with very high signi¢cance (F test s 0.99). At both sites the signi¢cant periods group around 11^12, 6, 2.2^2.5, and 1.3^1.8 kyr, again indicating a basin-wide similar sedimentary regime. Furthermore, signi¢cant variance at 4.0 kyr characterizes the record from Site 1061. At the Bermuda Rise the signi¢cance of the 4-kyr period is also high (0.94) although it does not exceed the 0.99 level. The variations of periods around the detected peaks, especially at shorter periods, are most likely due to uncertainties in the age models caused by variable sedimentation rates between age control points. Previous studies of marine sediments and ice cores (e.g. Hagelberg et al., 1994; Yiou et al., 1995; Cortijo et al., 1995; Ortiz et al., 1999) found periodicities similar to the ones described here.
In all investigations a strong cyclicity at 10^12 kyr was found, which could arise as a secondorder precessional harmonic (e.g. Hagelberg et al., 1994) . Cyclicities of 5^8 kyr have been attributed to quasi-periodic Heinrich events by Cortijo et al. (1995) who performed MTM analyses on two gray scale time series (Cores SU90-08 and SU90-39) from the central North Atlantic covering the last 0.3 Ma. The deuterium isotope record from Vostok (Antarctica) displays a 6-kyr cyclicity (Yiou et al., 1997) which is close to the behavior predicted by ice sheet oscillation models (e.g. MacAyeal, 1993). Ortiz et al. (1999) found spectral peaks around 6 and 8 kyr throughout the last 4.5 Ma in a record of estimated carbonate content from the Feni Drift. They demonstrated that a recti¢ed precession record could translate variance from the 19^23-kyr doublets to both longer and shorter frequency responses with sub-Milankovitch variability at 9.6^11.6, 6.7^8.6 and 5.2^5.8 kyr. An example for a physical explanation of this phenomenon was given by Short et al. (1991) who postulated that low latitude equatorial regions are in£uenced twice for each precessionl maximum (minimum) because the responses of the Northern and Southern Hemispheres to orbital variations are out of phase. Thus the occurrence of signi¢-cant peaks in the carbonate records from Sites 1061 and 1063 in frequency bands which are similar to that observed in the clipped precession record (Ortiz et al., 1999) indicates that at least some of the variance in the carbonate sedimentation in the western Atlantic may be non-linearly forced by precession.
The high-resolution records obtained during Leg 172 allow also to detect higher frequency cyclicities with periods below 5 kyr: 2.5^4-kyr cycles as seen in the records from Sites 1061 and 1063 have been detected in Greenland ice cores (Dansgaard^Oeschger cycles) and were also recognized by Keigwin and Jones (1994) who analyzed giant piston cores from western Atlantic drifts. Although the spectral peaks at 1.3^1.8 kyr are close to the Nyquist period (see above) for some short intervals with lower sedimentation rate, they Depth is given in meters composite depth (Keigwin et al., 1998) .
clearly indicate millennial-scale variations in carbonate deposition on the Blake Bahama Outer Ridge and the Bermuda Rise. Such climatic cyles of about 1.5-kyr duration were also found in North Atlantic sediments of Holocene (Bond et al., 1997) , Late Pleistocene , and Early Pleistocene age (Raymo et al., 1998) . The fact that these periods, as most of the higher frequency cycles, appear in di¡erent areas and at various time intervals suggests that sub-Milankovitch climatic variability was relatively pervasive during the Pleistocene and only weakly coupled to the intensi¢cation of Northern Hemisphere glaciation (Ortiz et al., 1999) . With advanced evolutionary spectral methods it should be possible to gain further insights into the developments of these cyclicities over time. Possible other applications of the age models are manyfold. Together with high-resolution geochemical and sedimentological analyses the derived time scales (Tables 2 and 3) can provide the basis for detailed paleoceanographic studies in the westernmost Atlantic. They will also allow detailed inter-site comparisons based on accumulation rates of biogenous and terrigenous sediment components as well as regional and global correlations to other drill sites.
